SUMMARY
INFLUENCE OF HYPERTONIC VOLUME REPLACEMENT ON THE MICROCIRCULATION IN CARDIAC SURGERY
J. BOLDT, B. ZICKMANN, C. HEROLD, M. BALLESTEROS, F. DAPPER AND G. HEMPELMANN (9.7 (1.5) ml kg' 1 ) was necessary to double baseline PCWP. There were no differences in heart rate and mean arterial pressure (MAP) between the groups. Cardiac index (Cl) The "ideal" medium for intravascular volume replacement is still under discussion [1] ; both crystalloid and colloid solutions have been advocated [2, 3] . Hypertonic solutions (HS) have been used in the treatment of refractory hypovolaemic shock ("small volume resuscitation") [4] [5] [6] [7] [8] [9] and produced enhanced vasomotion and improved capillary flow [10] -effects which could not be achieved with conventional fluids.
SUMMARY

We have studied the effects of two types of volume replacement on the microcirculation in an open, controlled study in 45 patients undergoing aorto-coronary bypass grafting whose pulmonary capillary wedge pressure (PCWP) was < 5 mm Hg. Hypertonic saline prepared in hydroxyethy/starch solution (HS-HES, n = 15) and6%HES200/0.5solution (6% HES; n = 15) were infused randomly before operation in order to double the PCWP. Patients not given an infusion served as controls (n = 15). Skin microcirculatory blood flow was investigated by laser Doppler flow (LDF) measured simultaneously at the forearm and forehead before and after cardiopulmonary bypass (CPB). Less HS-HES (3.8 (SD 0.3) ml kg~1) than 6% HES-solution
increased significantly in both volume groups (HS-HES max. +54%; 6% HES max. +30%). Systemic vascular resistance (SVR) decreased after infusion of HS-HES (-30%) and after 6% HES(-19%) and remained almost unchanged in the control group. Plasma viscosity decreased after infusion of HS-HES and increased slightly in control patients (+4%). In comparison with the 6% HES and particularly with the control group, LDF was significantly greater after infusion of HS-HES (forearm +80%; forehead + 28%). LDF during CPB and thereafter was always greater than baseline values in the HS-HES group, whereas after bypass LDF was reduced in the 6% HES (-5%) and particularly in the control patients (-30%
Evaluation of the microcirculation is difficult. Laser Doppler flowmetry is a non-invasive technique by which changes in the skin microcirculation can be studied without risk to the patient [11] [12] [13] [14] . A linear relationship with in vitro measurement of red cell flux and in vivo measurement of blood flow assessed by other methods has been demonstrated [13, 15] . The present study was designed to investigate the effect of volume therapy with a new hypertonic saline solution on microcirculation assessed by laser Doppler technique and to compare it with standard hydroxyethyl starch (HES) solution in cardiac surgery patients. , buffered with histidine 180 mmol litre" 1 ) was used to preserve myocardial function. During and after weaning from CPB, haemoconcentration was performed with a haemofiltration system (HF-80, Fresenius, Bad Homburg, FRG). Ringer's solution was added to the heart-lung machine as required to maintain flow; when the haemoglobin concentration was < 7 g dl" 1 , packed red cells were added to the perfusate. Blood remaining in the extracorporeal oxygenation equipment was salvaged by haemofiltration and retransfused until the end of the operation. After CPB, protamine was given to antagonize the heparin.
PATIENTS AND METHODS
We
Heart rate (HR), mean arterial pressure (MAP), pulmonary arterial pressure (PAP), pulmonary capillary wedge pressure (PCWP), right atrial pressure (RAP) and cardiac output (CO) (thermodilution technique) were measured. Derived parameters (cardiac index (CI); systemic vascular resistance (SVR)) were calculated from standard formulae.
Changes in microvascular blood flow were measured with a two-channel laser Doppler skin blood flux monitor (MBF-3D, Moor Instruments, Devon). This uses a low power, near infra-red laser diode as a light source, optical fibres to transmit light and photodiode detection of the collected light. The laser Doppler measures blood flow in approximately 2 mm 3 of tissue. The device yields electrical signals proportional to the number of moving blood cells and the average velocity of the red blood cells (RBC). The reflected light is registered by a photodetector and processed in real time to yield an output (mV) of arbitrary flow units. The product of the volume and the velocity of the RBC is the RBC flux or laser Doppler flow (LDF), which reflects local microvascular blood flow [16] . In addition, the concentration of RBC (number/unit volume) (= concentration) and the mean RBC speed (= speed) in the local tissue region were recorded. Details of technique and theoretical background have been described elsewhere [17] . One laser probe was placed on the patient's forehead (probe 1), and the other on the inner part of the right forearm (probe 2). Cutaneous temperature probes were placed next to the laser Doppler probes to measure skin temperatures simultaneously. Haemoglobin (Hb), PCV, colloid osmotic pressure (COP) (sartorious membrane 20000 Da), and plasma viscosity were measured from arterial blood samples. Measurements were performed after induction of anaesthesia when cardiovascular stability was attained (baseline values), immediately and 20 and 40 min after the end of the volume infusion, 20 min after the start of CPB, 5 min after weaning from CPB, and at the end of the operation.
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Statistical analysis
Results were expressed as mean (SD). Data were analysed using one-way (biometric data, data from perioperative period) and two-way analyses of variance (all haemodynamic variables), including multi-variate analysis of variance followed by Scheffe's test. Alterations in microcirculation from baseline values are presented as percentage changes because the output of the laser Doppler flow monitor is in arbitrary flow units. These percentage changes were additionally tested by H test (Kruskal-Wallis). Analysis of covariance and regression analysis were used to detect a relationship between two variables. P < 0.05 was considered statistically significant. 
RESULTS
The three groups did not differ in patient characteristics, anaesthesia and CPB procedure (table I) .
Significantly less HS-HES (3.8 (0.3) ml kg" 1 ) than 6% HES solution (9.7 (1.5) ml kg" 1 ) was required to double baseline PCWP. PCWP remained increased in the HS-HES patients until the onset of CPB. Fluid balance during CPB was significantly different between groups: HS-HES patients showed a negative balance ( -450 (200) ml), while HES patients ( + 200 (200) ml) and the control group (+ 600 (200) ml) had a positive fluid balance. Moreover, control patients received significantly more Ringer's solution until the morning of the first day after operation (table  I) .
There was no difference in HR, MAP or PAP between groups throughout the study. CI ( fig. 1 ) increased in both volume groups (HS-HES max. + 54%; 6% HES max. +30%), but only remained increased 40 min after the infusion in the HS-HES patients. SVR decreased after infusion of HS-HES (-30%) and after HES (-19%), but remained almost unchanged in the control group (table I) .
Hb decreased in all patients in whom volume was infused, but there was no difference between the two groups ( fig. 2) . Plasma viscosity decreased significantly after infusion of HS-HES (-16%); HES-patients had a less pronounced decrease ( -6%), and viscosity in the control group increased slightly ( + 4%) ( fig. 2) .
LDF increased significantly in the HS-HES patients when measured both at the forearm (max. + 80%) and at the forehead (max. +28%) (table  II) . LDF measured at the forearm was also increased significantly in the HES-patients ( + 42%), but remained almost unchanged in control patients. During CPB and thereafter, LDF in the HS-HES patients was always greater than baseline values, whereas after bypass LDF measured at the forehead was reduced in HES ( -5%) and, particularly, in control patients ( -30%). Speed measured at the forehead was almost unchanged after volume infusion, but was significantly greater in the HS-HES patients at the end of CPB (table III) . In the forearm, speed was most increased in the HS-HES patients, whereas it remained unchanged in the controls.
Concentrations were always greatest in those patients who received HS-HES (table IV) . There were no differences in temperature (oesophageal, rectal, forearm, forehead) among the groups.
Changes in MAP, CI, SVR, Hb and viscosity did not correlate with LDF flow, speed or concentration (regression analysis and analysis of co variance).
DISCUSSION
The microcirculation represents the common path of the respiratory and circulatory systems. In conditions such as shock, ischaemia and cardiopulmonary bypass (CPB), microcirculatory flow is altered significantly, often becoming inadequate to fulfil the nutritive role of the circulation [18] . This insufficiency can occur with a normal circulation, but it is aggravated significantly when cellular dysfunction increases the hydraulic resistance of the capillaries [18] .
During CPB, red and white blood cells are damaged, so that their ability to flow through the capillaries is reduced because of impaired deformability [19] [20] [21] . Al-Khaja and colleagues [20] found that CPB was associated with significant disturbances of blood cell rheology and reduced microcirculatory flow. The combination of blood trauma, alterations in plasma factors and impaired blood cell rheology are thought to be associated with postoperative complications or mortality after cardiac surgery [20, 22] . Mazzoni and coworkers [23] demonstrated that, during reduced perfusion induced by haemorrhagic hypotension, the endothelium of the capillaries was swollen and lost its capacity for regulating its volume, thus affecting their hydraulic conductivity.
During CPB, microcirculatory dysfunction is caused by both reduced arteriolar pressure and endothelial swelling, induced by the perfusion process. Blood contact with foreign surfaces of the extracorporeal oxygenation equipment and damage to the cells by the roller pumps induce activation of several mediator cascades, the end products of which may affect the microcirculation by vasoconstriction [24] . Swelling of the capillary endothelium may be caused by increased permeability (capillary leakage) also induced by the activated mediators. Moreover, poorly perfused capillaries themselves may release and activate mediators promoting cellular adhesion and vasoconstriction, instituting a cycle of progressive tissue damage by deterioration in the microcirculation [18] .
Hypertonic volume replacement may correct this dysfunction by increasing perfusion pressure, improving capillary flow distribution, reducing endothelial swelling and haemodilution [18, 23] . This supposition has been confirmed in animals, where 7.5 % saline solution improved organ function in experimental shock [3] . The results of the present study showed improved microcirculatory function in patients given the hypertonic solution in comparison with those given isotonic solutions.
The beneficial effects of crystalloid hypertonic solutions are reported to be transient [25] . The addition of a synthetic colloid (dextran) significantly prolonged the effect [9, 26] . The mixture of hypertonic saline solution and HES used in the present study may have less effect on coagulation and less risk of inducing anaphylactic reactions [27] than mixtures with dextran and it has been used safely in other studies [28] .
CPB periods in our study were moderate (less than 90 min) and changes in microcirculation were not expected to be severe. However, as demonstrated by Mazzoni and colleagues [23] , the more swollen the endothelium the greater the effect of hypertonic solution in improving capillary flow. Thus the beneficial effects of preoperative infusion of HS-HES might be more evident in longer procedures, which are associated with an increasing risk of deteriorating capillary integrity and microcirculatory perfusion [29] .
It has been suggested that changes in cutaneous blood flux might be a sensitive indicator of alterations in MAP and cardiac output [30] , but this was not confirmed by our studies. There was no correlation in this study between cardiovascular and laboratory variables and those measured by LDF.
It was concluded that infusion of hypertonic HS-HES solution resulted in a significant increase in microcirculatory skin blood flow. The improved blood flux during and after CPB might be beneficial, particularly in prolonged procedures.
